To test the feasibility of developing a diagnostic microarray for a specific disease, we selected all pathogenic changes of the b-globin gene occurring at a frequency X1% in the multi-ethnic Dutch population for analysis. A tagged single-base extension (SBE) approach was used to detect 19 different mutations causing b-thalassemia or abnormal hemoglobins. In the SBE reaction, the primers were elongated at the 3 0 site with a fluorescently labeled dideoxyribonucleotide triphosphate (ddNTP) complementary to the mutation, following tag hybridization to a glass or flow-through microarray. We compared the performance of a generic glass array and a porous system, by testing each mutation separately using heterozygous carriers and by screening a cohort of 40 unknown b-thalassemia carriers and patients. The results were verified by direct sequencing. The microarray system was able to detect 17 b-globin mutations simultaneously with 495% accuracy in a single SBE reaction. The flow-through array performed slightly better (96%), but the main advantages of the system included real-time data recording and a considerable time saving achieved through a reduced hybridization time.
Introduction
The hemoglobinopathies belong to the world's most common recessive monogenic disorders in humans. These involve the a-and b-thalassemias characterized by a deficiency in globin protein synthesis, and the structural mutants of the b-globin chain causing hemoglobin S (HbS), C or E. Worldwide more than 180 different mutations causing b-thalassemia and more than 360 b-globin variants are known. 1, 2 Carrier frequencies are particularly high in regions endemic for malaria; however, due to present-day migration patterns, the mutation spectrum in regions without a history of malaria tropica, like in most industrialized North European countries, changed considerably and requires a diagnostic tool, able to combine highthroughput analysis with the capacity to detect a wide spectrum of relatively low frequent mutations. 3 In general, carrier detection is performed at the biochemical level with standard hematological methods and confirmation by molecular analysis is usually achieved by direct sequencing. Mutation detection on microarrays is a promising diagnostic tool for high-throughput applications. The feasibility of the technique is often addressed by selecting randomly a number of SNPs associated with disease genes to demonstrate a wide application range. 4 -7 Few articles, however, focus on optimization of a larger number of SNPs representing the mutation spectrum for a particular disease gene. 8 Here we set out to develop an array for the diagnosis of b-globin defects in populations where many different mutations occur.
Single-base extension Mutation detection arrays are often based on hybridization of amplified DNA fragments to allele specific oligo (ASO) probes on the array. 9,10. However, these arrays suffer from a high rate of false-positive identifications and are less accurate compared to a minisequence approach. 4 Minisequencing is the target-dependent addition by a DNA polymerase of a specific nucleotide to a single primer. 11 In an array-based approach, these primer extension reactions are either based on the allele-specificity of the primer, or on extension with a single specific dideoxyribonucleotide triphosphate (ddNTP).
In the latter approach, termed single-base extension (SBE), the primer is extended by a DNA polymerase with a single labeled ddNTP that is complementary to the nucleotide at the mutation site. 11 -14 Fan et al 15 introduced the tag-SBE, in which the primers contain a unique tail of 20 nucleotides at the 5 0 side, complementary to a probe on a generic oligonucleotide array (Figure 1 ). The tag-probes are independent of the specific mutations to be analyzed, and thus facilitate the choice of probes with similar hybridization efficiencies. This allows flexibility in optimization independent of the array content.
Flow-through microarrays
In general, microarrays are spotted on microscope glass slides as a solid support, in which the reaction mixture is added under a cover slide or to a small well created by a silicon overlay. 16 Hybridization is dependent on diffusion and environmental factors such as temperature, salt concentration and viscosity, which makes the system inefficient and time consuming. Recently, a flow-through microarray system has been developed that eliminates these limitations by using a porous material as a support for the arrays. 17 Target molecules are forced through interconnected capillary pores of an array by flow, resulting in diffusion distances in the order of 100 nm. The hybridization process is therefore fully reaction-rate-limited and complete within a few minutes, allowing real-life detection by CCD camera. Hybridization stringency can be varied by adding/removing solutions and changing the temperature to obtain optimal sensitivity and specificity.
In this project we have tested and compared the applicability of flow-through technology for mutation detection to the results obtained using glass arrays.
Materials and methods
Mutation selection and template preparation A mutation spectrum for b-thalassemia or b-globin variant defects was determined from 150 patients and carriers living in The Netherlands, diagnosed over a period of 22 months at the Hemoglobinopathies Laboratory, Leiden. In all, 19 mutations occurred with a frequency X1%. These involved five hemoglobin variants (HbS, C, D, E, and J Baltimore) and 14 b-thalassemia mutations, covering 90% of the b-globin mutations in The Netherlands ( Figure 2a , Table 1 ). Iranian DNA samples were obtained from patients treated at the Clinical Center at Bandar Abbas. DNA was extracted from buffy coats isolated from 5 -10 ml whole blood by means of a standard salting-out method 18 and stored in Tris-HCl EDTA buffer at 41C. The b-globin gene was PCR amplified in two fragments (Figure 2a ) 19 using a Robocycler 96 (Stratagene). In all, 45 ml of each PCR product was incubated for 1 h at 371C with 1.8 U of Shrimp Alkaline Phosphatase (USB) and 18 U of Exonuclease I (USB), inactivated by 15 min at 971C and purified using QiaQuick columns (Qiagen).
Array preparation and design
The glass coating and spotting protocol was modified from Figure 1 The amplified PCR product is used as a template for the SBE reaction, which is performed in a thermal cycler with a set of 18 mutation-specific primers. Each primer is elongated at the 3 0 site with a specific ddNTP, complementary to the wild-type or the mutation. By splitting the SBE reaction into two separate reactions including ddATP 
SBE, hybridization and detection
In all, 18 mutation specific primers (20-to 25-mer) for each of the 19 different mutations were designed for both sense and anti-sense SBE reactions (T a E611C). As primer extension reveals the presence of a mutation by incorporation of a differently labeled ddNTP, a single primer can be used to detect both IVS1-1 mutations. Each mutation-specific primer carried a 5 0 -tag (20-mer) complementary to a single probe spotted on the array. Primer -tag combinations were checked for secondary structure formation with the DNA Mfold program implemented on the bioinfo.math.rpi.edu/ Bzukerm site. 21 The SBE reaction was performed in a total reaction volume of 30 ml containing 90 ng PCR-template, 18 different SBE primers (0.017 pmol/ml each), two labeled ddNTPs (0.33 pmol/ml each) and two unlabeled ddNTPs (0.66 pmol/ ml each; PerkinElmer Life Sciences Inc.), 6.4 U ThermoSequenase (Amersham Biosciences), in 1 Â supplied ThermoSequenase buffer. Two separate SBE reactions per DNA sample were carried out -one containing ddATP-Cy3, ddUTP-Cy5, ddCTP and ddGTP, and another containing The glass slide was covered with a punched rubber overlay forming eight incubation chambers, one triplo array per incubation chamber, put into a home-made Perspex holder and cover with eight holes for the addition of sample, kept in place by clamps. In all, 10 ml of the SBE reaction was added to 50 ml of hybridization solution (3.4 Â SSC, 0.3% SDS (w/v) in Tris EDTA) and added to a well on the glass array. During hybridization at 401C o.n., the holes were sealed with tape to prevent evaporation. The arrays were washed for 5 min subsequently in 2 Â SSC, 70% ethanol and 100% ethanol, and air-dried.
For the PamChip s , incubation and detection was performed on a prototype of the FD10 Pam Microarray system (PamGene and Olympus Optical). Incubations were performed in a thermostatically controlled incubator holding one chip, containing four arrays. Prior to hybridization, each array was washed at 401C with respectively 20 ml of PBS/0.1% (w/v) Tween 20 and 20 ml of 3 Â SSP (20 Â SSP ¼ 180 mmol/l NaCl and 10 mmol/l Sodium phosphate). Both solutions were pumped one cycle (30 s) down and up through the pores of the array using a Microlab 500 syringe pump (Hamilton). A measure of 10 ml of the SBE reaction was diluted with 7 ml of ddH 2 O, boiled for 5 min and cooled on ice. After addition of 3 ml of 20 Â SSP, the solution was hybridized for 5 min at 401C. The solution was pumped down, and images were captured with an 8-bit CCD camera.
All arrays were analyzed using ArrayPro (Media Cybernetics). The spot intensity was calculated after reduction of the median spot intensity with the median local background intensity. The signal was scored positive when it was found at least twice in the same array with an intensity above 5 on a scale of 0 -255.
Results

SBE optimization
In all, 18 sense and anti-sense primers were designed to detect 19 mutations and tested individually on a wild-type template. Nonspecific or no signal was observed in seven sense and eight anti-sense primers. We have chosen to optimize the sense primers, except for the anti-sense Cd121, which performed as required ( Table 2 ). For the primers used to detect the Cd16, IVS2-1 and Cd39 mutations, a false-positive signal was observed even in the absence of the template. Analysis in DNA Mfold 21 predicted the formation of a stable stem loop with three to five consecutive base pairings at the 3 0 end (Figure 2b ), which could explain the auto-extension signal during SBE. New primers were designed containing an internal mutation to prevent self-annealing at the 3 0 terminus for Cd16, IVS2-1 and Cd39. The modified primers showed an increase in specificity by the loss of auto-extension, but 
Extension of the mutation-specific primer in an SBE reaction with a wild-type (WT) and a mutant template. b The microarray results for homozygous (hom.) wild-type, heterozygous (het.) and homozygous mutant: +, detected; À, not detected; n.a., not available in random selection. Results have been obtained from glass and flow-through arrays.
b-Globin microarray based on tagged SBE CHM van Moorsel et al the signal for Cd39 dropped below the detection level. The original Cd39 primer could still be used in the assay, because the false-positive signal with ddATP did not interfere with the capacity of the primer to distinguish between the wild-type (ddCTP) and mutant (ddTTP) allele. The effect of primer concentration on signal intensity was tested by using seven different dilutions in a multiplex of four primers, ranging from 5 to 0.125 pmol in a 30 ml SBE reaction (Figure 3a) . The signal for primers Cd39, Cd41-42 and IVS1-1 was optimal at 0.5 pmol each, and no optimum was seen for the Cd121 primer. In the final multiplex SBE containing 18 mutation-specific primers, a concentration of 0.5 pmol/30 ml for each primer was used.
The ability of the system to detect all of the 19 mutations simultaneously in a single SBE reaction was tested. Out of 19 heterozygous carriers, 17 were scored correctly, that is, both the wild-type and the mutant signal were detectable. No mutant signal was observed for Cd8 and Cd8/9, and these primers were omitted from further analysis. For all mutations, we observed a reduction in wild-type signal to half the intensity in the heterozygotes as compared to the homozygous wild-types.
Screening for b-globin mutations
The specificity of the system was tested in a blinded screening of 20 selected Dutch and 20 Iranian samples (n ¼ 80 alleles) for which the genotypes were confirmed by direct sequencing. These include 23 wild-type and 57 mutant alleles, representing 14 different mutations. Per sample a single SBE reaction with the 17 SBE primers was performed, one-third was used for hybridization to the glass-array and one-third for the flow-through (Figure 3b) . Out of 80 alleles, 76 alleles were scored correctly on glass (95%) and 77 on PamChip s (96%). A homozygote HbE was once incorrectly scored as a heterozygous on the glass array, while on the flow-through array a heterozygous carrier for HbE was scored as a homozygote. Both on glass and flow-through array a heterozygote for Cd41/42 was scored as wild-type due to low signal, and the compound heterozygote Cd41-42/IVS1-5 was erroneously scored as a combination of homozygosity for mutation Cd41-42 and heterozygosity for IVS1-5. The Cd39 mutation in the compound heterozygote Cd39/IVS2-1 was missed on the glass array.
Discussion
A microarray system, using tagged SBE and hybridization to generic home-made glass arrays and commercial PamChip s , was developed to detect 19 different b-thalassemia and b-globin variant mutations simultaneously. The SBE reaction and hybridization conditions to the array were optimized using a wild-type template and the specificity was tested on PCR templates heterozygous for each mutation. Out of 19 mutations, 17 could be detected reproducibly, which cover more than 80% of the mutation spectrum observed in The Netherlands and other industrialized North European countries with similar mutation spectra due to recent immigration. The specificity of the system was tested on 40 sequenced carriers and patients samples. Out of 80 alleles, the genotype was correctly assigned in 76 using the glass array and 77 with PamChip s , reaching a 95% reliability. As the selected set includes the most frequent Mediterranean, Asian and African mutations, the system is widely applicable for high-throughput diagnostic purposes in many different countries.
Factors that influence signal intensity and specificity are primer concentration, hybridization efficiency and primer sequence. The primer concentration was varied to reach an optimal signal intensity. If the concentration is too low, the signal remains below detection level, while higher amounts are not extended efficiently, causing competition between tags of extended and nonextended primers for the probes on the array resulting in an overall reduction in signal.
In three mutation-specific tag -primers (cd16, IVS2-1 and cd39), a false-positive signal was observed in the absence of template. Template-independent primer extension might be due to the formation of secondary structures. This has occasionally been observed, particularly in assay formats based on immobilized primers. 4, 14 According to Pastinen et al, 4 this problem can be avoided by performing the minisequencing reactions at an elevated temperature or by analyzing the other strand of the DNA template. In our All primers were synthesized as forward except for the Cd121 primer, which was synthesized as reverse. The bold nucleotides in the primers for IVS2-1 and Cd16 indicate the modification applied to prevent autoextension.
b-Globin microarray based on tagged SBE CHM van Moorsel et al study, SBE was performed at a relatively high temperature of 611C, which did not prevent the problem. We were able to avoid the false signal in two cases by altering the primer at the base complementary to the 3 0 terminus (Figure 2b ). Out of the 19 mutations tested, three are frameshift mutations involving insertion or deletion of one or several nucleotides. Remarkably, two of these, that is, Cd8(ÀAA) and cd8/9( þ G), did not show the correct genotype when tested in homo-or heterozygotes, while the cd41-42(ÀTCTT) was among the alleles scored erroneously in the blind screening of 80 alleles, due to low mutant signal intensity. It is not clear however, how this relates to secondary structures in the PCR products. Apparently, incorporation efficiencies seem to be largely dependent on the local sequence environment. Syvänen 5 suggested that the labels might affect the specificity of the nucleotide incorporation by the DNA polymerase. However, overall preference for incorporation of a specific labeled . Images of glass arrays were taken after overnight hybridization and subsequent wash; images of the flow-through arrays were taken after 5 min hybridization with subsequent pumping down of the fluid and no wash. In the graphs below, the signal for the HbS and IVS1-110 spot for each possible extension with a ddNTP is given.
nucleotide was not observed among the 17 other primers included in the set. Other techniques frequently used to detect b-globin mutations in a diagnostic setting are ASO probe hybridization, 22 denaturing gel gradient electrophoresis (DGGE), 19 and amplification refractory mutation system (ARMS). 23 Most of these approaches are time consuming, require multiple reactions per patient, radioactive reagents or expensive laboratory equipment, and are not always suited for high-throughput analysis. The SBE and hybridization to generic arrays show high specificity (95%) and flexibility, since no new arrays are needed to change the set of mutations to be analyzed, making the system easily adaptable to changing reasearch goals. As glass coating is performed on microscope slides with relatively simple chemicals and only minimal amounts of probes are used by the 417t arrayer, arrays can be produced at low cost (h0.12 per array). The total price for the SBE reaction is approximately h8;-per sample, the majority of the expenses involve the enzymes and labeled ddNTPs. This is competitive with direct sequencing of the complete b-globin gene, as presently used by many diagnostic laboratories. Our experiments clearly show that the probes can be easily transferred from the glass to the PamChip s microarray system. The main advantage of the flow-through system is the considerably reduced hybridization time, which lasts only 5 min compared to 16 h for glass arrays. Additional time is saved by sample preparation and by the real-time recording of hybridization results by the CCD camera, which permits an automated registration and analysis of data. The ability of the system to vary hybridization stringency allows temperature-dependent optimization of mutations, not detectable under normal circumstances. These possibilities will be explored in future studies.
